In the present study, ultra-performance liquid chromatography (UPLC) coupled to electrospray ionization (ESI + ) tandem mass spectrometry (MS) was developed to identify and characterize the diarylheptanoids in the supercritical fluid extract (SFE) of Alpinia officinarum. The method established provides good reproducibility of UPLC and shows high precision with all the mass accuracy of less than 5 ppm. The ESI-MS-MS fragmentation behavior of every group and their appropriate characteristic pathways were proposed. On the basis of analyzing the fragmentation pathways, elemental composition provided by software Masslynx, mass data of the standard compounds and the information regarding polarity obtained from retention time data, in all, 23 diarylheptanods were characterized. All of them have been reported in Alpinia officinarum. They were classified into six distinct groups (homologous series). Compared to the references, the fragmentation pathways of the first and second group were detailed much more and complementary. Further more, the fragmentation pathways of the last four groups were firstly discussed. The fragmentation rules deduced and the data provided could aid in the characterization of other diarylheptanoids of these types and would be useful for the further research of diarylheptanoids in Alpinia officinarum or the other plants.
Introduction
As a traditional Chinese herb, the rhizome of Alpinia officinarum (Zingiberaceae) has been used in China for relieving stomach ache, treating colds, invigorating the circulatory system, and reducing swelling (1) . Diarylheptanoids are the main active substances in Alpinia officinarum.
Diarylheptanoids belong to a class of natural products with a 1,7-diarylheptane skeleton possessing a variety of biological and pharmacological activities including anti-inflammatory, antioxidant, antiemetic, and antitumor activities (2) .
Due to low volatility and thermally labile properties, diarylheptanoids cannot be analyzed by gas chromatography-mass spectrometry (3, 4) . A variety of analytical methods including high-performance liquid chromatography (HPLC) and its coupling to mass spectrometry (LC-MS), thin layer chromatography (TLC), and capillary electrophoresis (CE) have been applied to characterize diarylheptanoids in turmeric (5) (6) (8) (9) (10) (11) (12) , ginger (13) and Alpinia officinarum (7) . For this paper, ultraperformance liquid chromatography-tandem mass spectrometry was utilized. UPLC technique has been applied more and more in recent years due to its great separation and resolution. Quadrupole time-of-flight mass spectrometry (Q-TOF-MS) enables automated exact mass measurement of precursor and fragment ions to yield high confidence in structural elucidation. UPLC-Q-TOF-MS-MS offers high chromatographic resolution with exact mass measurement for both MS and MS-MS. It can help to discover minor constituents, which are difficult to be obtained by classical means. Diarylheptanoids are major class of biologically active natural products in Alpinia officinarum. However, no online analytical method has been reported to characterize and measure these compounds in Alpinia officinarum. In this paper, SFE technology was applied to extract diarylheptanoids. On the basis of analyzing the MS spectra data of diarylheptanoids and polar differences combining with the literatures, the fragmentation pathways of diarylheptanoids in Alpinia officinarum are discussed in detail. Compared with the references (11) (12) (13) , the fragmentation pathways of the first and second group were more detailed and complementary much more. Further more, the fragmentation pathways of the last four groups were firstly discussed.
UPLC-MS-MS
The solvent of standard substances were injected into the MS system directly. The mobile phases used were as follows: (A) 0.1% formic acid-H 2 O (B) acetonitrile; gradient: 0-6 min, 22%-36% B; 6-11.5 min, 36-42% B; 11.5-14.5 min, 42-50% B; 14.5-18 min, 50-80% B; 18-21 min, 80% B; 21-25 min, 80-100% B. The flow rate was 0.25 mL × min -1; temperature 25°C; injection volume 2 µL.
High purity nitrogen was used as the nebulizer and auxiliary gas; argon was used as the collision gas. The mass spectrometer was operated in positive ion mode with a capillary voltage of 3 kV, sample cone voltage of 20 V, extraction cone voltage of 2 V, cone gas flow of 50 L/h, desolvation gas flow of 600 L/h, desolvation temperature of 350°C, source temperature of 100°C, collision energy of 10 eV (for all diarylheptanoids identified including the standard substances). Mass accuracy was maintained by using a lock spray with leucine enkephalin (M+H) + m/z 556.2771, concentration: 250 ng/µL, flow rate: 25 µL/min) as reference. The full mass scanning range was from m/z 50 to 800.
Reproducibility of UPLC and precision of MS
According to the requirement of qualitative analysis, UPLC reproducibility was measured as the relative standard deviation of retention time in UPLC chromatograms and MS precision as the error of molecular weight of (M+H) + in total ions chromatogram (TIC) from five consecutive injections of the same sample. Five peaks in UPLC chromatograms and 11 molecular weights of (M+H) + in TIC were chosen at random to check on the reproducibility of UPLC and the precision of MS.
Results and Discussion
The optimal UPLC-Q-TOF-MS-MS method was applied to SFE extract. The total ion current chromatograms in positive ESI mode were shown in Figure 1 . This method provided good reproducibility of UPLC (Table I ) and showed high precision with all the mass accuracy of less than 5 ppm (Table II) . For most of the constituents, (M+H) + ions were observed. These results provided helpful information for confirming molecular weight and structure of the constituents. All constituents were temporarily deduced from several aspects: mass data of the standard compounds, elemental composition of software Masslynx listed the possible molecular composition, the molecular composition would be determined by comparing with the literature data, and Figure 1 ). We classified them into six structure skeletons ( Figure 2 ). The identification of each specific group of diarylheptanoids was discussed in detail. In order to study the fragmentation pathways of diarylheptanoids in detail, the collision energy was set to 10 eV for all diarylheptanoids identified including the standard substances because more ions information in MS 2 spectra could be provided at this collision energy. Because of the structure differences and the fact that only one collision energy was set, some ions in the schemes were not detected or the abundance was weak.
Characterization of compounds 1-7, 11, 12, and 16
All the diarylheptanoids possess a common structural moiety, consisting of 5-hydroxy and 3-oxo groups on the heptane skeleton. The structural differences within this group lie in the pattern of substitution on the aromatic rings. The fragmentation pathway of this group is shown in Figure 3 . The MS 2 spectra of standard diarylheptanoids 12 and 16 ( Figure 4 ) were in accordance with the Figure 3 . In order to describe the identification of these compounds clearly, they were classified into four subgroups, according to their approximate retention time ( Table Figure 2 . Chemical structures and molecular weights of diarylheptanoids identified. Note: the corresponding names of these compounds are provided in Table I . III). Subgroup 1 includes compounds 1 and 2, which possess three hydroxy groups on the aromatic rings. Subgroup 2 is composed of compound 3, 4, 5, 6, and 7, which possess two hydroxy groups on the aromatic rings. One or no hydroxy group is present on the aromatic rings of compound 11, 12, and 16 in subgroup 3.
In (Figure 3 ). The ions A-F were produced by loss of a neutral moiety from the precursor ions.
In group 1, the MS and MS 2 spectra abundance of compared 1 and 2 were weak but main diagnostic ions can be seen. Compared to 1, compound 2 demonstrated a decrease of 30 Da (+OMe) for its precursor ion and some of its corresponding product ions (Table III) , suggesting that it could be a homolog of compound 1. In addition, its similar retention time (Table III) also support this hypothesis. On the basis of analysis previously described and Figure 3 , the proposal structure of compound 1 and 2 were tentatively confirmed.
In group 2, compounds 3 and 4 detected at the same retention time (Table III) had the same (M+H) + 345 in MS spectra and their MS 2 spectra were mixed together, indicating that their polarities were almost the same. Their structures differed from the substitution positions on the aromatic ring (R1 or R2) of the OH and OMe moieties (Table III) . Compared to compound 3, compound 5 demonstrated an increase of 30 Da (+OMe) for its precursor ion and some of its corresponding product ions (Table III) , suggesting that it could be a homolog of compound 3. In addition, their similar retention time (Table III) also supports this hypothesis. Compound 6 also had the ion (M+H) + 345, similar to compounds 2 and 3, the substitution positions on the aromatic ring of the OH and OMe moieties were their structure features (Table III) . Compared to compound 6, compound 7 demonstrated a decrease of 30 Da (+OMe) for its precursor ion and some of its corresponding product ions (Table III) , suggesting that it might be a homolog of compound 6. Their similar retention time (Table III) also support this hypothesis. On the basis of analysis above and Figure 3 , the proposal structures of this group were tentatively confirmed.
In group 3, compared to compound 16, the compound 11 demonstrated an increase of 16 Da (+OH) for its precursor ion and some of its corresponding product ions (Table III) , suggesting that it could be a homolog of compound 16. Their retention time differences indicated their polarities differences, which supported this hypothesis. Compared to compound 11, compound 12 demonstrated an increase of 30 Da (+OMe) for its precursor ion and some of its corresponding product ions (Table  III) , suggesting that it could be a homolog of compound 11. In addition, their similar retention time (Table III) supports this hypothesis. On the basis of analysis above and Figure 3 , the proposal structures of this group were tentatively confirmed.
Characterization of compounds 8, 9, and 13
This group of compounds possessed a common structural moiety of 3,5-dihydroxy on the heptane skeleton (Figure 1 ). This structural skeleton is also present in ginger, whose fragmentation mechanisms in ESI + -MS-MS have been studied (13) .
In positive mode, precursor ions at m/z 301, 331, and 285 (M+H) + in MS spectra were observed for compounds 8, 9, and 13, respectively, suggesting M r of 300, 331, and 284. In MS 2 spectra, the corresponding ions at 283, 313, and 267 (M-H 2 O) + , and 267, 297, and 249 (M-2H 2 O) + were detected. Furthermore, the abundances of (M-2H 2 O) + were much higher than that of (M-H 2 O) + , differing from the previously mentioned group, suggesting the presence of 3,5-dishydroxy moiety on the heptane skeleton instead of on the aromatic rings. The ions A and E were produced by loss of a neutral moiety from the precursor ions in the same pathway as the above structural skeleton. When compared to compound 9, compound 8 showed a decrease of 30 Da (H instead of OMe) for its precursor ions and some of its corresponding product ions (Table III) , indicating that it could be a homolog of compound 9, differing by lack of a methoxy group. In addition, the similar chromatographic behaviors of compounds 8 and 9 supported the hypothesis. Compared to compound 9, compound 13 demonstrated a decrease of 46 Da (OMe+OH) for its precursor ion and some of corresponding product ions (Table III) which could also be a homolog of compound 9. Their retention time differences indicate their polarities differences, which supported this hypothesis.
On the basis of analysis previously mentioned, proposal structures of these compounds were confirmed in Figure 2 .
Characterization of compounds 10, 14, 15, and 20
All the diarylheptanoids in this group possess a common structural moiety, consisting of 5-ene and 3-oxo groups on the heptane skeleton ( Figure 2 ). The MS 2 spectra of standard substance of compound 20 ( Figure 4 ) were in accordance with the Figure 6 .
In positive mode, ions at m/z 327,281, 311, and 265 (M+H) + in MS spectra were observed for compounds 10, 14, 15, and 20, respectively, suggesting M r of 326, 280, 310, and 264. In MS 2 spectra, the ions A, B, and D were formed by loss of a neutral moiety from the precursor ions in the same way as the first structural skeleton. The ions E and F were formed by loss of a neutral moiety from the precursor ions. When compared to compound 15, compound 14 showed a decrease of 30 Da (H instead of OMe) for its precursor ion and some of its corresponding product ions (Table III) , indicating that it could be a homolog of compound 15, differing by lack of a methoxy group. Compared to compound 14, compound 20 demonstrated an decrease of 16 Da (OH) for its precursor ion and some of corresponding product ions (Table III) , suggesting that its M r was 264 Da and that it could also be a homolog of compound 15. Compared to compound 15, compound 10 showed a increase of 16 Da (OH) and their main product ions are same. Their remarkable differences of retention time indicate their remarkable difference of polarity. So the OH group was unambiguously on the benzene ring R1. Their proposal fragmentation pathways in ESI + −MS-MS were shown in Figure 6 , so they were tentatively identified in Table III .
Characterization of compounds 17, 18, and 21
All the diarylheptanoids in this group possess a common structural moiety, consisting of 3,5-dione group on the heptane skeleton ( Figure 2) .
In positive mode, ions at m/z 297, 327, and 281 (M+H) + in MS spectra were detected for compounds 17, 18, and 21 respectively, suggesting M r of 296, 326, and 280. In MS 2 spectra, the ions A, B, and D were formed by loss of a neutral moiety from the precursor ions in the same way as the first structure skeleton. When compared to compound 18, compound 17 showed a decrease of 30 Da (H instead of OMe) for its precursor ion and some of its corresponding product ions (Table III) , indicating that it could be a homolog of compound 18, differing by lack of a methoxy group. When compared to compound 17, compound 21 showed a decrease of 16 Da (H instead of OH) for its precursor ion and some of its corresponding product ions (Table III) , indicating that it could be a homolog of compound 17. Their retention time differences indicate their polarities differences which supported this hypothesis. Their proposal fragmentation pathways in ESI + −MS-MS were shown in Figure 7 , which was simple and similar to the above pathways partially. They were tentatively identified in Table III .
Characterization of compounds 19 and 22
All the diarylheptanoids in this group possess a common structural moiety shown in Figure 2 . In positive mode, ions at m/z 279 and 325 (M+H) + in MS spectra were detected for compounds 19 and 22, respectively, suggesting M r of 278 and 324. In MS 2 spectra, the ions A, B, and D were formed by the loss of a neutral moiety from the precursor ions in the same way as the first structure skeleton. The ion J at m/z 131 (base peak) was obtained by the loss of a neutral moiety from the precursor ions (M+H) + . When compared to compound 22, compound 19 showed a decrease of 46 Da (H instead of OMe and OH) for its precursor ion and some of its corresponding product ions (Table  III ), indicating that it may be a homolog of compound 22. Their remarkable differences of retention time indicated their remarkable difference of polarity. In MS 2 spectra, the ion 131 of the two compounds were base peak which indicated that they have common structural moiety. The ions (M+H-H 2 O) + 261 and 307 can be seen, but the abundances were low. Their proposal fragmentation pathways in ESI + −MS-MS were shown in Figure 8 , which was simple and similar to the above pathways partially. So they were tentatively identified in Table III .
Characterization of compound 23
The structure of this diarylheptanoid was not linear. 
Conclusions
Ultra-performance liquid chromatography-tandem mass spectrometry is a strong technique for the rapid identification of diarylheptanoids in Alpinia officinarum. This paper has established a method for rapid characterization and identification of diarylheptanoids in Alpinia officinarum by ultra performance liquid chromatography coupled with electrospray ionization mass spectrometry. This method could be used for the identification of the same type of diarylheptanoids in Alpinia officinarum or other plants.
